The signaling lipid phosphatidylinositol 3,5-bisphosphate, PI(3,5)P 2 , functions in vesicular trafficking through the endolysosomal compartment. Cellular levels of PI(3,5)P 2 are regulated by an enzyme complex comprised of the kinase PIKFYVE, the phosphatase FIG4, and the scaffold protein VAC14. Mutations of human FIG4 cause inherited disorders including CharcotMarie-Tooth disease type 4J, polymicrogyria with epilepsy, and Yunis-Varó n syndrome. Constitutive Fig4 À/À mice exhibit intention tremor, spongiform degeneration of neural tissue, hypomyelination, and juvenile lethality. To determine whether PI(3,5)P 2 is required in the adult, we generated Fig4 flox/À ; CAG-creER mice and carried out tamoxifen-induced gene ablation. Global ablation in adulthood leads to wasting, tremor, and motor impairment. Death follows within 2 months of tamoxifen treatment, demonstrating a life-long requirement for Fig4. Histological examinations of the sciatic nerve revealed profound Wallerian degeneration of myelinated fibers, but not C-fiber axons in Remak bundles. In optic nerve sections, myelinated fibers appear morphologically intact and carry compound action potentials at normal velocity and amplitude. However, when iKO mice are challenged with a chemical white matter lesion, repair of damaged CNS myelin is significantly delayed, demonstrating a novel role for Fig4 in remyelination. Thus, in the adult PNS Fig4 is required to protect myelinated axons from Wallerian degeneration. In the adult CNS, Fig4 is dispensable for fiber stability and nerve conduction, but is required for the timely repair of damaged white matter. The greater vulnerability of the PNS to Fig4 deficiency in the mouse is consistent with clinical observations in patients with Charcot-Marie-Tooth disease. † Present address: The
Introduction
The biosynthetic complex that generates phosphatidylinositol-3,5-bisphosphate [PI(3,5)P 2 ] is evolutionarily conserved in eukaryotes and includes the 5-phosphate kinase PIKFYVE, the 5-phosphatase FIG4, and the scaffold protein VAC14. The complex is maintained by protein-protein interaction and is destabilized by loss of FIG4 or VAC14 (1, 2) . The biosynthetic complex is localized to early endosomes, late endosomes and lysosomes, where PI(3,5)P 2 is thought to specify organelle identity and contribute to ion homeostasis, vesicle fission, nutrient sensing and autophagy (3, 4) . Mutations of FIG4 and VAC14 result in recessive inherited disorders in human and mouse. Complete loss-offunction of FIG4 or VAC14 results in the multisystem, lethal Yunis-Varó n Syndrome (5, 6) . Partial loss-of-function of FIG4 manifests as anatomical CNS defects (polymycrogyria), epilepsy, psychotic behaviors, calossal dysplasia and neurodegeneration (7) . Bi-allelic missense mutations of VAC14 are responsible for recessive pediatric neurological disorders (8) . Human patients with the FIG4 missense mutation p.Ile41Thr in combination with a null FIG4 allele present with Charcot-MarieTooth type 4J (CMT4J), a severe peripheral neuropathy (9) (10) (11) . The pathology of CMT4J in human patients suggests both demyelinating and neurodegenerative contributions. The presence of 'onion bulb' myelin structures in nerve biopsies and reduced sciatic nerve conduction velocity indicate that CMT4J is a demyelinating neuropathy. Impairment of upper and lower motor neuron function, proximal muscle weakness and sensory deficits are indicative of neuronal damage (10, 11) . While most CMT4J patients do not exhibit CNS deficits, recently two families have been identified where FIG4 variants manifest in CNS pathology (12, 13) . These observations suggest differential requirements for PI(3,5)P 2 in the CNS versus PNS.
Studies in the mouse have demonstrated the particular vulnerability of the nervous system to PI(3,5)P 2 deficiency. Morphologically, in Fig4 null mice there is spongiform degeneration of the brain with extensive vacuolization that is not seen in other tissues with the exception of spleen (9) . Strikingly, the lethal wasting disorder of global null mice can be rescued by neuron-specific expression of a Fig4 cDNA transgene (14) . Overexpression of the FIG4 patient mutation p.Ile41Thr in neurons of transgenic mice also rescues lethality (2) . Conversely, neuron-specific knockout of a floxed allele of Fig4 reproduces the lethal wasting disorder (14) . Interestingly, a neuron-specific transgene lacking phosphatase activity can partially rescue the Fig4 null mouse (15) . Mice with missense mutations of Vac14 exhibit deficits similar to Fig4 mutants (1, 16) .
In the CNS, myelin is produced by oligodendrocytes (OLs). OL precursor cells (OPCs) arise early in development, migrate extensively, and are broadly distributed in the brain and spinal cord throughout life. After OPC differentiation and maturation into myelin producing cells, OLs form internodes along axons. One mature OL can form internodes on up to 50 different axons. Mature OLs do not contribute to white matter repair (17) . Instead, myelin repair is carried out by OPCs, tissue resident progenitors that differentiate into myelin producing OLs (18) . In the developing murine PNS, Schwann cell precursors arise from neural crest cells around E13 and undergo differentiation into mature Schwann cells that form myelin or non-myelinating Schwann cells that ensheath multiple axons, called Remak bundles. In contrast to OLs, myelin producing Schwann cells commit to myelinate a single axon, forming only one internode (19) .
After nerve damage, Schwann cells and Remak cells are capable of de-differentiation and adopt a repair phenotype supporting regeneration (20, 21, 22) .
We previously carried out detailed analysis of the role of PI(3,5)P 2 biosynthesis in myelin development, both in the PNS and CNS. Cell-specific inactivation of the biosynthetic complex in OPC/OLs or in Schwann cells results in hypomyelination of the CNS or PNS, respectively (9, 14, 16, 23) . While PI(3,5)P 2 is clearly required for myelin synthesis during development, its role in myelin stability, turnover, and repair in the adult has not yet been examined. Here, we carried out inducible knock-out of Fig4 (iKO) in adult mice and found that global loss of Fig4 leads to animal wasting and death within 2 months, recapitulating at a later time point the early postnatal effects of constitutive loss of Fig4. Myelinated fibers were rapidly and severely affected in the mature PNS but not in the CNS, suggesting differential vulnerability to reduced levels of PI(3,5)P 2 . Additional studies demonstrated that repair of a chemically induced white matter lesion in the mature CNS is dependent on Fig4 function. Therapeutic strategies for treating the disorders of PI(3,5)P 2 biosynthesis will have to take into account the continuing requirements of the adult CNS and PNS.
Results

Neonatal knockout of Fig4 recapitulates the neurological defects of constitutive Fig4
À/À null mice , CAG-CreER mice, as previously reported (25) . To evaluate the effectiveness of tamoxifen induction in these mice, we administered 2 doses of tamoxifen to Fig4 flox/À , CAG-CreER mice on postnatal (P) days P3 and P4 and analyzed the effect at P22. Mice are designated iKO (3!22) to specify the first day of tamoxifen treatment and the day of analysis. As expected, iKO (3!22) brains exhibited massive spongiform degeneration in neocortical layers IV and V (Fig. 1A and B) and thinning of myelinated fibers in the corpus callosum and white matter in cerebellar lobules (Fig. 1A-D) . Western blotting of cerebellar lysates revealed a substantial decrease in FIG4 protein, myelin-associated glycoprotein (MAG), and myelin basic protein (MBP) (Fig. 1E) 
Spongiform degeneration of the CNS after knockout of Fig4 in adult mice
A hallmark of constitutive Fig4 deficiency is a region-specific spongiform degeneration of the CNS. Deep neocortical layers, deep cerebellar nuclei, brainstem, spinal motoneurons and dorsal root ganglia (DRGs) are severely affected (9, 16) . To determine whether CNS spongiform degeneration occurs after Fig4 knockout starting at P21 or at P60, brain structures were examined in iKO(21!81) and iKO(60!120) mice (Fig. 3) . In constitutive null mice, extensive degeneration is apparent in neocortical layers IV and V, deep cerebellar nuclei, brainstem, spinal motoneurons and DRGs (Fig. 3 ). When Fig4 knockout was induced at P21 or at P60, there was only minimal vacuolization in the neocortex, deep cerebellar nuclei, and brainstem ( Fig. 3) . Vacuolization of the spinal motoneurons and DRGs in iKO(21!81) and iKO(60!120) mice, however, was comparable in severity to constitutive Fig4 null mutants ( Fig. 3) , demonstrating greater vulnerability of these neurons which have long peripheral projections.
Abundance of CNS myelin is not reduced in adult Fig4 iKO mice
To determine whether FIG4 is necessary for myelin stability in the fully developed adult brain, whole brain membranes were isolated from Fig4 iKO(60!120) and age-matched control mice and subjected to immunoblotting with antibodies specific for the myelin markers MAG, MBP, proteolipid protein (PLP), and 2 0 3 0 -cyclic nucleotide 3 0 -phosphodiesterase (CNPase) (Fig. 4A ).
When compared to brain membranes from Fig4 control mice, there was a 73 6 5% reduction in FIG4 protein in the iKO mice ( Fig. 4A and B). However, there were no significant differences in the abundance of the myelin proteins MAG, MBP, CNPase, 
Normal structure and function of optic nerve fibers in Fig4 iKO mice
To independently confirm the results of the Western blots in Figure 4 , we examined the structure of optic nerves by TEM. No defects were observed in myelin thickness or structure, or in the number of myelinated axons ( Fig. 5A and B) . To evaluate optic nerve function, we recorded compound action potentials (CAPs) from Fig4 iKO and littermate controls ( Fig. 5C and D) . A mature optic nerve fires a multi-peak CAP with the peaks corresponding to myelinated axonal populations of different diameter (26) . The conduction velocity and amplitude of each peak can be resolved by fitting the CAP as a sum of three of four Gaussians (27) . In constitutive Fig4 À/À null mice, there is a significant increase in the population of slowly conducting fibers with a concomitant decrease in fast conducting populations (26) . These changes were not observed in the optic nerve of adult Fig4 iKO mutants. Neither conduction velocity nor Fig4 control mice, n ¼ 10 (day 0) and n ¼ 8 (day 60). For iKO mice, n ¼ 5 (day 0) and n ¼ 3 (day 60). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. amplitude differed from controls ( Fig. 5E and F) . Taken together, the normal abundance of myelin proteins, the structural integrity of myelin sheaths in optic nerve cross sections, and the normal electrophysiological properties demonstrate persistence of CNS myelin during the 2 months survival of adult iKO mice.
Defective repair of CNS myelin after adult knockout of Fig4
Mbp mRNA is strongly upregulated in myelin producing OLs and transported into internodes (28) making it a useful marker for white matter repair (29) . Wildtype and Fig4 iKO mice were injected with tamoxifen at P60 followed by stereotaxic injection of lysolecithin into the corpus callosum at P70. Three weeks later, at P91, white matter repair was assessed by in situ hybridization of Mbp and electron microscopy (Fig. 6A) . Serial sections through the lesion were stained with a digoxigenin labeled cRNA probe specific for Mbp (Fig. 6B and C) . The center of the lesion was defined as the section with the largest circumference of intensely Mbp labeled area ( Fig. 6B and C, white dotted line). Quantification revealed a comparable lesion size in Fig4 control and iKO mice (Fig. 6D) . The area that failed to undergo repair was defined as the inner rim of elevated Mbp labeling ( Fig. 6B and C, yellow dotted line). The remyelinated area was significantly reduced in the iKO mice (Fig. 6E) . At the ultrastructural level, myelinated fibers in the corpus callosum of Fig4 control and iKO mice, prior to LPC injection, are indistinguishable ( Fig. 6F and H) . At 21 days after LPC administration, wildtype mice exhibit extensive remyelination of the lesion, as indicated by thinly myelinated axons (Fig. 6G) . However, there was little evidence of remyelination in the iKO mice (Fig. 6I) . The nonmyelinated axons in the iKO mice are surrounded by glial cells with the characteristic vacuolization of Fig4 null cells (Fig. 6I,  arrowheads) . Together these data suggest that in adult mice Fig4 is necessary for axon remyelination and the timely repair of damaged white matter.
Severe peripheral nerve degeneration after knockout of Fig4 in adult mice
To determine whether ablation of Fig4 in adult mice causes PNS damage, sciatic nerves were examined 2 months after tamoxifen treatment in iKO(60!120) mice. Toluidine blue staining of semi-thin transverse sections from wildtype sciatic nerve demonstrated structurally intact nerve architecture with numerous myelinated fibers, large and small in caliber (Fig. 7A) . In longitudinal sections, internodes, separated by nodes of Ranvier, are readily detected in wildtype nerves (Fig. 7C ). In contrast, sciatic nerve sections of iKO(60!120) mice presented with gross histological abnormalities including reduced fiber density, myelin disintegration and appearance of myelin ovoids, characteristic of Wallerian degeneration ( Fig. 7B and B' ). Longitudinal sections of mutant nerves revealed fiber fragmentation, disintegration of internodes and the presence of myelin ovoids (Fig. 7D) . In iKO, but not control nerves, macrophages are present that phagocytose myelin debris (Fig. 7D') . At the ultrastructural level, cross sections of P120 wildtype sciatic nerves show regularly formed and compact myelin sheath (Fig. 7E) . Analysis of iKO(60!120) sciatic nerves revealed typical signs of Wallerian degeneration, including axonal drop-out and enlarged myelin profiles. The presence of tomacula, or myelin swelling, was prominent on the adaxonal side of myelinated fibers, while abaxonal myelin lamellae were much less affected (Fig. 7F) . The presence of tomacula is an indication that axoplasm is lost and suggests that nearby axon fragmentation has occurred. In support of axonal pathology, electron-dense inclusions, characteristic of dystrophic axons, are present in iKO mice (Fig. 7F ). For quantification of Wallerian degeneration, sciatic nerve fibers were binned into four categories with increasing morphological defects, ranging from (1) normal appearing fibers, (2) mild disintegration of myelin sheaths, (3) formation of large myelin out folds with clear signs of axonal degeneration and (4) fully disintegrated fibers. As shown in Figure 7G , iKO mice exhibit a significant increase in degenerated fibers.
Small-caliber C-fiber axons in the sciatic nerve are not myelinated but contacted by non-myelinating Schwann cells (23, 30) . One non-myelinating Schwann cell can ensheath multiple Cfibers to form a Remak bundle. In Fig4 control and iKO sciatic nerves Remak bundles are present and appear largely intact ( Fig. 7H and 7I) . Quantification of axons per Remak bundle (Fig. 7J) , and C-fiber axon diameter (Fig. 7K) , revealed no significant differences between WT and iKO mice. Taken together, these data indicate that in the adult PNS Fig4 is necessary for the stability of myelinated fibers, but not Remak bundles.
Discussion
PI(3,5)P 2 is a low abundance membrane phosphoinositide with important function in vesicular trafficking through the endolysosomal compartment. Perturbation of PI(3,5)P 2 homeostasis causes severe developmental defects in humans and mice (2, 5, 8, 9, 15, 16 ). Here we demonstrate that PI(3,5)P 2 homeostasis is required for survival of adult mice. As early as 10 days after Fig4 deletion, there were defects in gait and limb coordination. These were followed by gradual decline that included weight loss, dilution of pigmentation, development of 'swimming' gait, intention tremor, and death within 2 months. This 'wasting' phenotype is likely due to impaired function of the nervous system, as many of these defects are also observed in Fig4 flox/À ; SynCre mice (14) . As in juvenile spontaneous Fig4 À/À null mice, we observed region-specific spongiform degeneration in the adult iKO nervous system, including the neocortex, deep cerebellar nuclei, DRGs, and spinal motoneurons. At the ultrastructural level, sciatic nerves of adult Fig4 iKO(60!120) mice showed Wallerian degeneration of myelinated fibers with prominent axonal pathology and disintegration of myelin profiles. Typical for damaged PNS tissue, macrophages accumulate in the sciatic nerve of iKO mice to phagocytose myelin debris (31) . Interestingly, in iKO sciatic nerves, C-fiber axons in Remak bundles appear morphologically intact, suggesting they are less vulnerable to Fig4 deficiency. Remarkably, while myelinated fibers in the PNS are severely affected, in the same animals, CNS myelin is spared, with no signs of fiber degeneration or delay in nerve conduction. However, repair of CNS white matter is impaired in the adult iKO mice. Taken together, our data demonstrate that Fig4 function is required for survival, and the dependence on Fig4 is greater for myelinated fibers in the PNS than in the CNS. past E3.5 in utero (9, 32, 33) . The most obvious pathology in Fig4 null mutants is in the nervous system (9) , and muscle atrophy is secondary to neurodegeneration (34) . We now demonstrate that induced deletion of Fig4 in adult mice leads to premature death. The cause of death is not fully understood, but the most obvious defect is the spongiform degeneration of neural tissues. Both germline and adult Fig4 inducible knockouts may die due to impaired breathing as a result of compromised nerve conduction in the phrenic nerve. Moribund animals were frequently observed to be gasping for air shortly before being euthanized. Based on the severe DRG vacuolization in adult Fig4 iKO mice, Fig4 function appears to play an essential role in sensory neurons throughout life. The appearance of abaxonal myelin out-foldings and formation of tomacula in the sciatic nerve are suggestive of axonal drop out and neurodegeneration. Mice and human patients deficient in FIG4 have both motor and sensory abnormalities. In human CMT4J patients, the sensory defects are relatively mild and motor defects are severe and progress to loss of ambulation. Our data further suggest differential vulnerability between myelinated fibers and axons ensheathed by Remak Schwann cells. Future studies will have to address whether Fig4 deficiency affects C-fiber function. differentiate between myelin maintenance by existing OLs, and myelin replacement which involves adult OPC migration and differentiation into myelinating OLs and is likely a slower process (38) .
Adult knockout of Fig4 leads to severely shortened lifespan
Consistent with the view that neuronal
FIG4 is required for adult CNS myelin repair
Our data suggest that FIG4 is required for myelin repair but not maintenance in the CNS. These observations are consistent with a recapitulation of FIG4-depenent development-like events during repair of adult white matter and axon remyelination. Notably, OPCs undergo proliferation and differentiation during repair of damaged myelin. Given the critical role of PI(3,5)P 2 biosynthesis in OPC differentiation (16) , the repair defect after ablation of Fig4 expression may reflect arrest of OPC differentiation at the lesion site.
We have demonstrated a continuing requirement for Fig4 expression in the adult mouse, as indicated by the dramatic decline in weight and neural function after FIG4 deletion. The 2 month progression to death is similar to the postnatal decline of global Fig4 null mice, which only survive for 6-8 weeks. Both neurons and glia are dependent on Fig4 expression, with an intriguing interdependence in CNS myelination (16) . The wide range of dysfunction and clinical severity in patients with deficiency of PI(3,5)P 2 biosynthesis is consistent with differential dependence of various cell types on this universal signaling molecule. Further studies of patient mutations and animal models will be required to completely elucidate the pathogenic mechanisms underlying PI(3,5)P 2 deficiency.
Materials and Methods
Mouse genetics
All mice were housed and cared for in accordance with NIH guidelines, and all research was conducted with the approval of the University of Michigan Committee on Use and Care of Animals. Both male and female mice were used in experiments. To obtain global inducible deletion of Fig4, a congenic line of 
Cre induction
Tamoxifen (Sigma-Aldrich) was dissolved at a concentration of 10 mg/ml in a 910: 90 mixture of Sunflower seed oil and 100% Ethanol. Mice were treated at P21 or between P60-P90 with 75 mg/kg of tamoxifen by daily IP injections for 5 days. For early postnatal studies, 4-hydroxytamoxifen was dissolved at 10 mg/ml in pure ethanol and administered to P3 pups on 2 consecutive days as described (16) .
Tail suspension test
The tail suspension test was performed as described by (39) .
Hematoxylin/eosin staining
Tissue slices were stained with H&E as previously described (14) .
Toluidine blue staining and transmission electron microscopy
Transmission electron microscopy (TEM) was performed as described (26) . The main trunk of the sciatic nerve was used for ultrastructural analysis. Toluidine blue images were taken using 40Â oil objective on Zeiss Axio Examiner inverted microscope (Zeiss) and tiled images were stitched using ZEN software.
Optic nerve recordings
CAP recordings of acutely isolated optic nerves were performed as reported previously (26, 40) .
Brain membrane preparation
Membrane isolation from whole brain was performed as described previously (26) .
Western blotting
Western blotting was performed as described previously (16) .
OPC/OL cultures
Primary OPCs/OLs were isolated by immunopanning from P10 (7 days after the first 4-hydroxytamoxifen injection) Fig4 (16) . Cells were imaged using Zeiss Axio Examiner inverted microscope (Zeiss, Germany) equipped with Axiocam 503 and Apotome. Z-stacks and apotome optical sections were collected and maximum intensity projections were generated with ZEN and FIJI.
Immunohistochemistry
For Fluoromyelin Green staining, animals were perfused with cold PBS and brains were rapidly dissected and post-fixed in 4% PFA for 2 h at 4 C. Following the cryoprotection in 30% sucrose, 40 lm sagittal free-floating sections in PBS were prepared using a cryostat (Leica). Fluoromyelin Green staining was performed according to manufacturer's instructions (Thermo Scientific). Brain sections were imaged using Zeiss Axio Examiner and tiled images were stitched together with ZEN.
Lysophosphatidylcholine injection
Ten days after the first tamoxifen dose, male and female P70-P90 mice were prepared for stereotaxic injection of LPC as described (29) . Briefly, mice were anesthetized with 4% isoflurane, secured in stereotaxic stage (Stoelting 51730D) and kept under 2% isoflurane anesthesia during surgery. A syringe (5ml-hamilton) was loaded with 1% LPC (Sigma, L4129) in PBS (Gibco, 10010023), mounted on a motorized stereotaxic pump (Quintessential Stereotaxic injector, 53311), and used for intracranial injection into the corpus callosum using the following coordinates, AP: 1.25 mm, LR: 61 mm, D: 2.25 mm. Over a duration of 1 min 0.5 ml of 1% LPC solution was injected on the ipsilateral site and 0.5 ml PBS on the contralateral side then the needle was kept in place for 2 min before retraction. Mice were treated with 3 doses of 70 ml of buprenorphine (0.3 mg/ml) every 12 h post-surgery, brains were harvested at 21 post injection.
Quantification of lesion size and myelin repair
Serial sections of the corpus callosum, containing the LPC and PBS injection sites were mounted onto glass coverslips and stained by ISH with digoxigenin-labeled cRNA probes specific for Mbp, Mag, Plp and Pdgfra (27) . For quantification of the white matter lesion area, the same intensity cutoff was set by Image J threshold for all brain sections and used to measure the size of the lesion. The outer rim of the strongly Mbp þ region (lesion out ) was traced with the ImageJ freehand drawing tool.
The inner rim facing the Mbp -region (lesion in ) was traced as well. For each animal examined, the size of the initial lesion area (lesion out ) in mm 2 and remyelinated area (lesion out -lesion in ) in mm 2 was calculated by averaging the measurement from two sections at the lesion core. The lesion core was defined as the section with the largest lesion area (lesion out ). To determine remyelination, the ratio of (lesion out -lesion in )/(lesion out )
in % was calculated (29) .
Statistical analysis
Statistical analysis was performed using Graphad Prism and Microsoft Excel. For Western blotting, intensity of the control sample was set as 1. For electrophysiological studies, the analysis was performed using Clampfit (Molecular Devices) and Origin Pro. For TEM quantification, 10 images were taken at random throughout the main train of sciatic nerves and percentage of myelinated fibers was quantified.
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